States wherein cyclical epidemics may be expected. In addition to ZIKV, several related viruses can also infect the placenta and may pose a threat to pregnancies if a large outbreak or epidemic occurs.
It is critical to understand why ZIKV is so adept as a teratogen to predict which emerging viruses may have a similar profile of fetal injury and also to develop antiviral therapeutics that are safe in pregnancy. One major factor in enabling teratogenesis is the ability of the virus to evade the early (innate) immune response, which allows the virus to replicate and infect multiple cells in the human placenta and fetal brain including immature neural stem and progenitor cells. Herein we summarize recent observations on the broadening clinical spectrum of ZIKV-associated injury and how the virus escapes the immune response to silently injure the fetus.
Congenital Zika Syndrome
The initial descriptions of radiological findings associated with the CZS were restricted to case series of infants with extensive fetal brain injury and severe microcephaly. 3,14e17 Classic features include a massive reduction in the parenchymal volume of the brain with ventriculomegaly and abnormalities of the corpus callosum and cortical migration. Ventriculomegaly may be symmetric or asymmetric; if asymmetric, the occipital horns are typically dilated out of proportion to the frontal horns with an associated loss of the parieto-occipital gray and white matter.
Intracranial calcifications are most common at the gray-white matter junction but can also involve periventricular white matter, the basal ganglia and/or thalami. Asymmetry and abnormalities of the gyral patterns may meet diagnostic criteria for polymicrogyria, lissencephaly, or pachygyria. The cerebellum is often abnormal and may be absent, atrophic, or underdeveloped. Craniofacial disproportion with a sloping forehead, due to frontal lobe hypoplasia, is typical in severe cases and may occur in the absence of microcephaly. 7 In severe cases, skull collapse may be evident with overlapping sutures and redundancy of skin folds. Arthrogryposis, or congenital contractures, may also occur in association with brain stem hypoplasia and thinning of the entire spinal cord. 18 In summary, the extreme phenotype of the CZS is well described and clinically straightforward to diagnose using antenatal ultrasound and/or magnetic resonance imaging (MRI) and clinical examination.
Diagnostic challenges for congenital microcephaly and Zika virus infection in pregnancy
Although microcephaly is a central feature of the CZS, no single definition for microcephaly captures all infants with ZIKV-associated anomalies or injuries.
19, 20 The Society for MaternalFetal Medicine recommended defining microcephaly by a fetal head circumference (HC) less than 3 SD below the mean when no other anomalies associated with ZIKVare seen. 21 This definition was consistent with standards for diagnosing microcephaly outside ZIKV exposure and designed to minimize the chance that a fetus with a constitutionally small head would be labeled as microcephalic. 22 A less conservative definition was adopted by the World Health Organization and the International Society for Ultrasound in Obstetrics and Gynecology, which chose to define ZIKVassociated microcephaly as an HC less than 2 SD below the mean (Z-score e2 SD). 23 The Centers for Disease Control and Prevention (CDC; United States) similarly defined ZIKV-associated microcephaly as a fetal or neonatal HC less than 2 SD below the mean or the third centile for gestational age.
19
Although these definitions are less conservative, use of a threshold at the third centile may still fail to capture fetuses or neonates with less dramatic reductions in brain parenchyma or excessive intracranial fluid (eg, ventriculomegaly, evolving hydrocephalus) that compensates for volume loss of the brain. 7, 24 Although one study reported an 83% sensitivity to identify definite or probable CZS 20 using an HC threshold less than 2 SD below the mean (Intergrowth 21st sonographic standards), 25 this cohort was selected based on a clinical suspicion for microcephaly and thus this may be an overestimate. 26 Others reported a 10% rate of a normal HC in the context of significant brain anomalies. 22, 27 Note that a sexindependent threshold for microcephaly (single cutoff for neonatal HC by the Intergrowth 21st sonographic standard) is more likely to label female infants as microcephalic because girls tend to have smaller heads than boys. 28 Diagnosis of CZS or a possible ZIKVassociated birth defect is best made in the context of definitive laboratory evidence of infection, but in many cases this may not be possible. 29 Laboratory evidence of ZIKV infection is defined by a combination of positive results using nucleic acid testing, serology, and plaque reduction neutralization tests. 30 However, ZIKV infections are often asymptomatic and when symptoms occur, they may be vague (headache, conjunctivitis) and insufficient to trigger contact with a health care provider.
The limited time window for detecting ZIKV nucleic acid can make it difficult to detect ZIKV RNA if maternal testing did not occur at the right time.
Other viruses co-circulating with ZIKV (eg, dengue and Chikungunya viruses) may present similarly and serological tests for ZIKV may cross-react with antibodies from related flaviviruses. 31, 32 Finally, ZIKV RNA may be undetectable in the neonate at delivery if exposure occurred early in the pregnancy. 33 Limitations related to diagnostic testing are important factors driving the uncertainty with which birth defects may be attributed to ZIKV infection.
Broadening spectrum of ZIKV-associated fetal injury Recent studies have begun to describe a range of more subtle anomalies that are not captured by the original diagnosis of CZS, which poses a clinical challenge to obstetrical providers for women with ZIKV exposure. 5 The CDC has defined a spectrum of birth defects that include typical anomalies in the CZS for the purposes of birth defects surveillance (Box).
In many cases, the findings are challenging to detect without access to Expert Reviews ajog.org prenatal or postnatal MRI imaging 5 ; the sensitivity of antenatal ultrasound may simply be insufficient to detect some fetal injuries. Sight-threatening ocular injuries have been described in infants without microcephaly (ie, optic nerve hypoplasia) that cannot be detected by ultrasound. 7, 34 Even though intracranial calcifications should be easily detected by antenatal ultrasound, there are reports of calcifications first being detected using postnatal cranial ultrasound. 35 It is also possible that neurological injury, which began with fetal exposure to ZIKV, may continue to evolve in the first year of life and become more obvious over time. Postnatal microcephaly and hydrocephalus are examples of this type of slowly evolving injury that may not be detected at the time of a pregnancy ultrasound or at birth. Fetal injuries detected in nonmicrocephalic infants exposed to ZIKV in utero A maternal ZIKV infection is estimated to result in birth defects in 5e13% of cases, with higher rates of anomalies when infection occurs earlier in pregnancy; 22,35,39e43 however, these rates should be taken only as an estimate, given the clinical difficulty in detection of lesser injuries during pregnancy and in the neonatal period. Although the long-term risk for developing ocular and subtle brain injuries after ZIKV exposure in utero is unknown, 44 a few case series have reported rates of abnormalities detected in the prenatal and neonatal periods (Table) . In a cohort of 1450 children exposed to ZIKV in utero and followed up to at least 1 year of age in the US Territories, neurodevelopmental abnormalities or birth defects were reported in 17% of children. 4 In 116 pregnant Brazilian women with laboratory evidence of ZIKV infection and a rash, 42% of fetuses had abnormal clinical or brain imaging findings. 45 The variety of neurological findings included epilepsy, dysphagia with feeding
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Brain abnormalities with and without microcephaly ajog.org Expert Reviews difficulties, visual and hearing deficits, spasticity, and hypertonicity. 45 In addition, 21% of infants had eye abnormalities; nearly half of these infants were not microcephalic and one third had no abnormalities identified within the central nervous system at all. 34 In a US cohort of 86 pregnancies from Miami-Dade County with laboratory evidence of ZIKV infection, abnormalities detected on postnatal cranial ultrasound (17%) and eye examination (13%) were common and exceeded the rate of congenital microcephaly (9%). 35 In both case series, ocular injuries and abnormal postnatal imaging were approximately twice as common as the outcome of microcephaly, which underscores the complexity of congenital ZIKV infections.
A few case reports of complex central nervous system defects in the context of a normal HC and ZIKV exposure are important to highlight that even significant injuries may not be captured by the diagnosis of microcephaly. 35 In the first case, ZIKV infection occurred in the first trimester, resulting in maternal fever, rash, myalgias, and conjunctivitis. Laboratory testing was positive for a maternal serum ZIKV immunoglobulin M and plaque reduction neutralization test. The HC of the fetus and neonate was consistent with a normal head size prenatally and at birth; the fetal HC Z-score was 0.2 at 33 weeks, e0.5 at 37 weeks, and 0.1 at birth, respectively, according to the Intergrowth 21st standard. 25 Postnatal testing revealed brain volume loss, abnormally smooth frontal and temporal lobes, atrophy of 1 cerebellar peduncle, and a hypopigmented retinal lesion (Figure 1 ). Postnatal testing in a second neonate revealed abnormally smooth frontal and temporal lobes with intracranial calcifications (Figure 2 , AeE).
These cases illustrate specific injuries that may be sustained by neonates with a normal head size consistent with significant fetal brain injuries not captured by the current diagnostic criteria for congenital microcephaly.
The spectrum of organ injury associated with ZIKV is likely to be even greater than currently known because of broad viral tropism for most body organs, particularly in immunosuppressed Across a number of experimental mouse and nonhuman primate models of ZIKV infection, ZIKV RNA can be detected in the brain, spinal cord, placenta, testis/ epididymis, ovary, uterus, kidney, spleen, heart, and lung. 8,46,48e51 Congenital heart disease has been reported in 14% of infants with CZS 52 and 40% of infants with presumptive ZIKV exposure during pregnancy; 53 anomalies included atrial and ventricular septal defects and, rarely, more complex anomalies.
52e54 Furthermore, ZIKV infection of germ cells within male testicular tissue and prolonged detection of ZIKV RNA in semen is very concerning for development of infertility.
55e59 This broad viral tropism may occur through ZIKV infection of microglia or vascular epithelium. 6,60e63 Whether viral injury to the placenta is necessary to induce fetal injury is unclear, but placental pathology has been associated with birth defects in some experimental models of ZIKV pathogenesis 48,64e66 but not others 8, 49 and may be present only with firsttrimester infection.
67,68
Potential for long-term neurocognitive deficits because of ZIKV injury of the hippocampus Even in the absence of abnormalities identified by prenatal and postnatal testing, the potential for long-term neurocognitive deficits remains. Recent studies in nonhuman primate models revealed that ZIKV injures neuroprogenitor cells in the hippocampus, 8 ,69 a specialized brain region important for learning, memory, cognition, and emotion/stress response, which begins to develop during mid-to late gestation and continues developing postnatally at least through childhood to young adulthood. Maternal-fetal ZIKV exposure led to loss of neural stem and progenitor cells (neurogenic arrest) and disruption of neural circuitry in the dentate gyrus (a key hippocampal subregion), while postnatal ZIKV exposure was associated wtih an overall hippocampal growth arrest and dysfunctional connectivity with other brain regions, leading to abnormal socioemotional behavior in older animals. 8, 69 Hippocampal injuries would be expected to correlate with the reported early onset of seizures/epilepsy in human infants, perturbations to later learning and memory development, and potentially even later-onset depression and premature age-related cognitive decline. 73e75 Unfortunately, the particular types of hippocampal injuries observed in experimental nonhuman primate models would not be easily detected in humans by standard prenatal MRI, rather requiring specific and repeated postnatal functional MRI scans to monitor hippocampal developmental progression in ZIKV-exposed nonmicrocephalic infants. Thus, further longitudinal studies are needed to understand the implications of ZIKVassociated hippocampal injury in the fetus or young children and whether this injury might result in a predisposition to learning disorders, developmental delay, and/or mental illnesses arising during later childhood and adolescence. 44 Intrauterine growth restriction Emerging evidence suggests that ZIKV infection in pregnancy has an impact on fetal growth and that intrauterine growth restriction (IUGR) may occur in approximately 9% of pregnancies. 41, 45 Two large Brazilian case series of pregnant women with ZIKV infections have reported a profile of disproportionate fetal growth, which described a small head in relation to a longer body. 45, 76 Other case series in Brazil 77 and the Caribbean 36 have also reported abnormal growth of the fetal head in the context of a normally growing femur.
A similar pattern of growth in early childhood among infants exposed to ZIKV during fetal life revealed a disproportionately small head (65% with HC e3 SD) compared with the growth of the skeleton (14% with birth length e3 SD). 16 This profile of femur-sparing growth restriction was also observed in nonhuman primate fetuses experimentally infected with ZIKV and was most dramatic when growth of the fetal head arrested (because of brain injury), but femur growth continued normally. 8, 49 Notably, IUGR is also a hallmark feature of ZIKV infection in rodent models. 48 ajog.org Expert Reviews Multiple brain abnormalities in a nonmicrocephalic neonate exposed to ZIKV This figure depicts multiple brain anomalies in a neonate exposed to ZIKV in the first trimester with a normal head size at birth. A postnatal MRI demonstrated the following: global decrease in cerebral volume, more pronounced on the right (A); a smooth appearance of the right frontal and anterior temporal lobes suggested a neuronal migration anomaly (B); and right cerebellar peduncle atrophy (C). Diffuse, coarse calcifications throughout the white matter were also observed on postnatal cranial ultrasound (D, E, and F). At birth, the infant was found to have a left eye hypopigmented retinal lesion (not shown).
MRI, magnetic resonance imaging; ZIKV, Zika virus.
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The pathogenesis underlying development of a femur-sparing profile of IUGR is unknown but may occur if ZIKV selectively injures the brain and not the skeleton (Figure 3 ). An initial study to determine whether a femursparing profile of IUGR could be detected in association with ZIKV infection was recently performed in a cohort of 56 pregnant women in New York City, who acquired ZIKV infections through travel. 41 For this study, fetal body ratios with respect to femur length (FL) were calculated (HC:FL or abdominal circumference:FL) based on Intergrowth 21st standards. 41 A femur-sparing pattern of IUGR was detected in 52% of pregnancies based on either a HC:FL or abdominal circumference:FL less than the 10th centile.
Whether aberrant fetal growth or a femur-sparing profile of IUGR is associated with neurological or ocular injuries is unknown, but future studies should evaluate whether fetal body ratios with respect to FL might provide a biomarker for a broader spectrum of ZIKV-associated fetal injury.
Stillbirth
Recently several human and animal studies indicated that ZIKV infections can cause spontaneous abortion and stillbirth, which also occur in association with other teratogenic infections. 40,45,80e83 Rates of ZIKV-associated pregnancy loss after 20 weeks have been reported to range between 1% and 2%, 40, 41, 45 which represents a 10-to 20-fold greater rate than in healthy pregnant women (w0.1%). 84 In nonhuman primates infected with ZIKV in early gestation, the rate of miscarriage and stillbirth was 26%, which represents a 3-to 7-fold higher rate than in comparably housed healthy, ZIKV-unexposed pregnant macaques. 85 The mechanism for stillbirth is unknown, but evidence from a nonhuman Spectrum of ZIKV-associated birth defects beyond diagnosis of congenital microcephaly This figure demonstrates the spectrum of ZIKV-associated birth defects beyond the diagnosis of congenital microcephaly. A postnatal MRI revealed abnormalities of the gyri (AeC; polymicrogyria and loss of gyri) and intracranial serpiginous calcifications (D and E).
ajog.org Expert Reviews primate study suggests that placental injury and infarctions may compromise fetal oxygenation. 66 Furthermore, a new study suggests that type I interferon, a key antiviral defensive modulator, can alter placental development and trigger fetal death in the context of ZIKV infection in a mouse model. 86 The overall contribution of ZIKV infection to spontaneous abortion and stillbirth is difficult to estimate because of inconsistent reporting and data collection, but the rate appears to be significantly higher than baseline.
87
How ZIKV escapes the immune response Molecular mechanisms of ZIKV pathogenesis and microcephaly remain poorly understood and, particularly, how the virus evades innate immunity to mediate vertical transmission and fetal brain injury. 88 ZIKV, like many flaviviruses, is transmitted to humans through the bite of an infected mosquito. In most human infections, there is an acute course with rapid amplification of virus in specific tissues, followed by clearance through the host immune response. ZIKV is unusual among flaviviruses because it can mediate a persistent infection and is detected in genital-mucosal tissues and other sites in the body for weeks to months after the initial exposure.
89e93 FIGURE 4 Zika virus proteins associated with evasion of early immune response
This schematic illustrates the protein-coding regions of the ZIKV genome and specific NS proteins that have been implicated in inhibition of the innate immune response.
C, capsid; E, envelope; IKKε, inhibitor of kappa-B kinase subunit epsilon; IRF3, interferon regulatory factor 3; JAK, Janus kinase; M, membrane; NS, nonstructural; pr, precursor; RIG-I, retinoic acid inducible gene I; STAT, signal transducer and activator of transcription; TBK1, TANK-binding kinase 1.
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To facilitate viral replication and spread within the infected host, ZIKV and other flaviviruses antagonize and/or evade the innate immune response, thus bypassing host defenses within infected cells to promote unchecked viral replication (Figure 4) . The innate immune response plays an essential role in programming a robust adaptive immune response that clears the flavivirus infection.
94, 95 Thus, it is important to understand the mechanisms that flaviviruses use to dysregulate host innate immunity because these directly contribute to human disease outcome. 96, 97 In the infected cell, flaviviruses sequester their genomic RNA within membranous intracellular compartments 98, 99 as well as modify their RNA to mimic endogenous 5 0 -cap methylation. 100 These evasion strategies prevent host cell recognition of the viral pathogen-associated molecular patterns, allowing viral replication to continue undetected.
Flavivirus nonstructural (NS) proteins and subgenomic flavivirus RNA can also directly interfere with host antiviral signaling pathways to suppress immunity.
101e107 For ZIKV, the viral proteins NS1, NS2A, and NS4B have been demonstrated to antagonize the innate immune response at the level of the inhibitor of kappa B kinase epsilon/ TANK-binding kinase 1 activation, 106, 107 whereas NS5 has been shown to act downstream by binding interferon regulatory factor 3; Figure 4) . 106 ZIKV subgenomic flavivirus RNA also prevents interferon induction in response to retinoic acid inducible gene Ielike receptor stimulation by an unresolved mechanism. 101 ZIKV further inhibits innate immunity via disruption of the Janus kinase/ signal transducer and activator of transcription signaling cascade that is required to direct the expression of any antiviral genes induced by interferon. 103, 105 Other mechanisms of flavivirus innate immune antagonism include evasion of the natural killer cellemediated lysis and dysregulation of the humoral complement system. In support of these in vitro findings, an attenuated (or absent) inflammatory response associated with ZIKV infection in the fetal brain has been reported in pathological series from both human infants and fetuses 67 and nonhuman primates. 8, 49 This pathological profile contrasts sharply with the cytopathic viral effects and robust inflammatory response, which is more typical for cytomegalovirus, herpes, and rubella viruses. 112, 113 The absence of an inflammatory signature may have obscured the viral etiology of fatal cases associated with ZIKV infection before the epidemic in the Americas brought the congenital disease manifestations to light.
Emerging viruses with similar potential to injure the fetal brain It is possible that other viruses and related flaviviruses may similarly exert a silent profile of fetal injury, which would require a high index of clinical suspicion for detection. Indeed, the pathogenic flavivirus, Japanese encephalitis virus, has been documented to transplacentally infect developing human fetuses, leading to miscarriage, 114, 115 and other related members of the family Flaviviridae are well characterized to vertically transmit in vertebrates. 116, 117 A recent study suggests that several other emerging and ZIKV-related viruses may also infect the placenta and cause fetal demise. 118 Human maternal and fetal tissue explants were highly susceptible to West Nile virus (WNV) and Powassan virus infections, with less efficient infection by the alphaviruses, Mayaro virus, and Chikungunya virus; WNV could also infect the fetal brain and cause stillbirth or abortion in an immunocompetent mouse model. 118 Furthermore, a case series of WNV infections in human pregnancies reported neurological injuries similar to the CZS including meningitis, lissencephaly, and microcephaly. 119 Vertical transmission of Chikungunya virus has been reported with documented neonatal encephalitis and long-term adverse outcomes on child neurocognitive function. 120, 121 These studies suggest that emerging flaviviruses may share ZIKV's teratogenic capacity and that pregnancy outcomes in regions at risk for viral infections with unknown risk to the fetus should be monitored for birth defects. 118 
Conclusion
More than 50 years has passed since the rubella epidemic in the United States, which resulted in an estimated 20,000 births with the congenital rubella syndrome. ZIKV is an equivalent and contemporary threat to pregnancies with a widening array of associated anomalies that is not restricted to microcephaly. Sight-threatening ocular injuries and subtle fetal brain injuries may be impossible to detect prenatally. ZIKV exposure in utero is associated with a higher risk of IUGR and stillbirth. An unusual femursparing profile of growth restriction has been associated with ZIKV infection and may serve as a biomarker for fetal injury in the absence of microcephaly and structural brain anomalies.
Molecular mechanisms of how ZIKV induces birth defects are poorly understood but are likely related to dysregulation of the innate immune response; antagonism of host antiviral signaling allows ZIKV to evade destruction and continue to replicate. The recent demonstration that other viruses, some related to ZIKV, can infect the placenta and invade the brain suggest that we need to study the ability of other neuroinvasive viruses for their effects on the fetus. Although mosquito-borne diseases continue to increase globally, we remain unprepared to protect pregnancies from ZIKV and other teratogenic viral threats.
